Dihydropyrazine derivatives (DHPs) derived from dimerization of amino sugars, such as glucosamine and mannosamine, spontaneously generate carbon-centered radicals and exhibit DNA strand-breaking activity, which may be related to the apoptotic activity of amino sugars.
Experimental
Computation The Spartan '06 and '08 for Windows software 9) with the density functional theory (DFT) B3LYP 10 /6-311ϩG** basis set was employed to estimate the global minimum energy of the optimized structures of compounds and transition states (TS). Zero point energy was not corrected. The obtained TS geometry was evaluated by means of vibrational frequency analysis and intrinsic reaction coordinate (IRC) calculation. The solvation effect of water was approximated by way of the SM8 model 11 at the DFT B3LYP/6-31G* basis set level, because the SM8 model did not cover 6-311ϩG** basis set.
Experimental All chemicals were available in commercial. Phenyl propane-1,2-dione, N-methyl ethylenediamine and phenyl isocyanate were purchased from Tokyo Chemical Industry Co., Ltd., ethylenediamine and acetonitrile were from Kanto Chemical Co., Inc. Deuterium oxide and pyridine-d 5 were also purchased from CEA, and DMSO-d 6 was from Isotec Inc. Melting points were measured with Yanagimoto MP-3, and were uncorrected. The NMR experiments were carried out with Bruker AVANCE500 spectrometers at 500 MHz ( 1 H) and 125 MHz ( 13 C). The chemical shifts were expressed in d ppm. Full assignment was performed with the combination analysis of 2D-nuclear Overhauser effect spectroscopy (NOESY), heteronuclear single quantum coherence (HSQC) and heteronuclear multiple bond connectivity (HMBC) spectra. Mass spectra were taken with JMS-SX110 and AX-505 spectrometer. High resolution FAB mass spectra were recorded with 3-nitrobenzylalcohol matrix. IR spectra were recorded with JASCO 6100 FT-IR spectrometer. Elemental analysis was determined by Yanaco MT-6 analyzer. Preparation of 5-Methyl-6-phenyl-2,3-dihydropyrazine (3) A solution of ethylenediamine (5.5 mmol) in acetonitrile (4 ml) was added dropwise to a solution of phenylpropane-1,2-dione (5 mmol) in acetonitrile (10 ml) at room temperature, and the mixture was stirred for 10 min. After removal of solvent in reduced pressure, the residual gum was dissolved in dichloromethane, and was washed with cold water for three times to remove excess ethylenediamine. The organic layer was dried with anhydrous sodium sulfate, and evaporated to afford the dihydropyrazine in almost pure state. Recrystallization from n-hexane to give yellow granules in a 77% yield, mp 36-37°C (38-39°C, 12) 34-37°C 13, 14) ). 1-Methyl-6-methylene-5-phenyl-1,2,3,6-tetrahydropyrazine (4) The reaction according to mentioned above and (70°C, 10 min) to afford 4 (181 mg, 97%) crude orange oil. Kugel Role distillation of the crude oil at 135-140°C/0. 2-Methyl-3-phenylpyrazine A mixture of ethylenediamine (1 ml) and phenylpropane-1,2-dione (1 mmol) was heated at 100°C for 2.5 h. Excess ethylenediamine was evaporated off in reduced pressure, and the residue was poured into ice, extracted with dichloromethane for three times. The combined organic layer was washed with cold water, and dried with anhydrous sodium sulfate. After evaporation, the residue was purified by silica gel column chromatography (30% diethyl ether/n-hexane) to afford colorless oil. Kugel Role distillation at 205°C/2 Torr (158-160°C/22 Torr, 15) 140°C/7 Torr 16) ) afforded 102 mg (65%) of 2-methyl-3-pheny1pyrazine as colorless oil, which solidified in Ϫ20°C freezer, mp 31-32°C. 1 Deuterium Exchange Experiment All experiments were carried out in 20 mM concentration solutions of 3, 4 or 2-methyl-3-phenylpyrazine in 50% 5 , and were prepared under ice-water cooling. Each sample was kept in freezer (Ϫ4°C), at room temperature (23°C), and HPLC column oven kept at 37°C and 65°C, respectively.
1 H-and 13 C-NMR spectra of each sample were measured without defining an interval. Change of integral value of the 5-methyl group and that of the combined 2,3-ethylene part of DHPs in each sample was calibrated on the basis of the integral value of the residual proton signal of DMSO-d 6 in the solutions, respectively.
Results and Discussion
Simulation of Tautomerism of DHP In this study we focused on two DHP derivatives 1, and unsymmetrical 3. First, we considered the intramolecular hydrogen shift model. The relative energies based on the DHP form and the imaginary frequencies of the TS are summarized in Table 1 . The fully optimized structures of the tautomers and the geometry of the TS for compound 3 at the DFT B3LYP/6-311ϩG**//B3LYP/6-311ϩG** basis set are illustrated in Fig. 1 . The geometry of the DHP skeleton in 1 and 3, the enamine forms, and even the TSs are closely similar to each other. Animation based on vibrational frequency analysis indicated hyperconjugative transfer of the hydrogen atom between the 5-methyl group and nitrogen at the 4-position of 1 and 3. In each case, the global minimum energy of the imine 
a) B3LYP/6-311ϩG**//B3LYP/6-311ϩG**. b) B3LYP/6-31G*//B3LYP/6-31G*. c) B3LYP/6-31G*//B3LYP/6-31G* with aqueous solvation effect by SM8. Chart 2 form was lower than that of the corresponding enamine tautomer in gas phase.
The TS barriers for 1 and 3 turned out to be 271 kJ/mol and 264 kJ/mol at the B3LYP/6-311ϩG** level and 285 kJ/mol and 276 kJ/mol at the B3LYP/6-31G* level, respectively. The solvation effect of aqueous medium increased the relative energy gap between the two tautomers (35 kJ/mol for 1 and 34 kJ/mol for 3), and also increased the TS barrier to 293 kJ/mol for 1 and 281 kJ/mol for 3 in our model at the B3LYP/6-31G* level. A theoretical study on the analogue energy profile of CH 3 C(X)ϭNH (imine) and CH 2 ϭCXNH 2 (enamine) tautomerism by Pérez and Toro-Labbé using DFT B3LYP/6-311G** calculation in the gas phase showed that the imine form has a lower energy by at least 16 kJ/mol compared with the enamine counterpart in every case examined, and the values of the energy barrier (DEϭE TS ϪE imine ) were estimated to be 280 kJ/mol (XϭH) and 274 kJ/mol (XϭCH 3 ). 18) Their results are in good agreement with ours for the DHPs. In view of the rather high calculated energy barrier of tautomerization, a simple intramolecular hydrogen shift model seems unlikely.
Many authors have proposed the involvement of protic solvents in the hydrogen transfer mechanism of keto-enol tautomerism. 19 ) Therefore, we next considered a water molecule-assisted intermolecular hydrogen transfer mechanism. The fully optimized structures of 1, 3 and their tautomers, and the corresponding TSs associated with a water molecule in the gas phase are illustrated in Fig. 2 . The relative energy values and the imaginary frequencies at the TS are summarized in Table 2 . In this model, animation based on imaginary frequency analysis showed simultaneous intermolecular hydrogen transfer between one hydrogen atom of the 5-methyl group and the oxygen atom of water, and between one hydrogen atom of water and nitrogen at the 4-position of 1 and 3. In this model too, the energies of the imine forms were lower than those of the corresponding enamine tautomers, and the relative energy gaps (26 kJ/mol and 40 kJ/mol at the B3LYP/6-311ϩG**//B3LYP/6-311ϩG** and B3LYP/6-31-G*//B3LYP/6-31G* level, respectively) were greater than in the first model. The activation energy barrier to the TS is markedly reduced to 158 kJ/mol for 1 and 161 kJ/mol for 3 at the B3LYP/6-311ϩG** level, possibly due to stabilization by formation of a pseudo-six-membered hydrogen bonding network.
Thus, DFT MO calculation showed that a simple intramolecular hydrogen shift model of the tautomerization process of DHPs requires comparatively high energy, while a waterassisted intermolecular hydrogen transfer mechanism is markedly preferable in terms of energy, perhaps allowing the tautomerization to occur at physiological temperature. Chemistry In order to confirm the tautomerization of DHPs, we selected 5-methyl-6-phenyl-DHP derivatives (3), since the calculation results showed the similarity of 1 and 3 in structure and properties during tautomerization and the analysis would be simplified by the involvement of only a single set of imine and enamine forms. The N-methylated derivative 4 was also prepared for comparison.
Deuterium Exchange Gollnick et al. reported that no deuterium exchange was observed when 5-methyl-6-(4-methylphenyl)-2,3-dihydropyrazine was treated in deoxygenated 50% (v/v) CH 3 CN/CD 3 OD in the dark or in the presence of rose bengal under light for several hours. 12) On the other hand, there are several reports of deuterium exchange at the a-position of imines in CD 3 OD. 20, 21) Considering the favorable calculation results of the waterassisted model, deuterium exchange of 3 in 50% (v/v) D 2 O/DMSO-d 6 solution (20 mM) at 23°C, 37°C, and 65°C was examined (Chart 3). The time-dependent 1 H-NMR spectral change of the methyl proton signal at d 1.91 ppm at 65°C is shown in Fig. 3 . After several hours, a new broad triplet-like signal appeared at 8 Hz higher field from the 5-methyl signal, as shown in Fig. 3b , and its intensity increased as the integral value of the 5-methyl group gradually decreased. Another new signal appeared at a further 8 Hz a) B3LYP/6-311ϩG**//B3LYP/6-311ϩG**. b) B3LYP/6-31G*//B3LYP/6-31G*.
higher field after 25 h. These three signals (triplet, broad triplet-like, and broad signals, from lower field, Fig. 3c ) became singlet, triplet (Jϭ1.9 Hz) and quintet (Jϭ1.9 Hz), respectively, in the homo-spin decoupling spectrum upon irradiation of the geminal protons at the 3-position (Fig. 3e) . The residual solvent peak in DMSO-d 6 appeared as a quintet of 2 JD/Hϭ1.9 Hz. 22) These time-dependent changes of height and shape of the new signals in the 1 H-NMR spectra indicated that stepwise deuterium exchange proceeded at the 5-methyl group of 3, and the residual protons, 5-CH 2 D and 5-CHD 2 , were observed successively at 8 Hz higher field owing to the deuterium isotope effect. Further, the sample after the NMR study (72 h) afforded a molecular ion peak of m/z 175, an increase of 3 mass units from that of 3 (C 11 H 12 N 2 : mw 172), in the EI mass spectrum. After 72 h at 65°C, the 1 H-NMR spectrum (Fig. 3d) did not show any clear signals except for the very slight upheaval of the base line around d 1.9 ppm, i.e., trideuterated 3 (3-d 3 , Chart 3) had been formed. As shown in Fig. 4 , the combined integral value corresponding to ethylene protons (2, 3 positions) of the DHP ring slowly decreased, although these protons were not exchanged with deuterium. The appearance of many small signals suggested that partial decomposition of 3 occurred during deuterium exchange reaction at 65°C. Therefore, the half-life of the combined integral values of 5-methyl-derived signals was about 26 to 27 h when considering of partial decomposition.
As reported by Gollnick et al., 12) the deuterium exchange of 3 did not occur in 50% (v/v) D 2 O/DMSO-d 6 at room temperature, while about 20% deuterium exchange was observed after 72 h at 37°C. In contrast with 3, 2-methyl-3-phenylpyrazine remained intact during treatment at 65°C in 50%
Based on the results of deuterium exchange between tertiary enamines and acetone-d 6 in the absence of catalyst, 23) we synthesized the N-methylated derivative 4 and treated it in 50% (v/v) D 2 O/DMSO-d 6 as described for 3 (Chart 3). The 1 H-NMR spectrum of 4 kept at 37°C for 7 h showed clear changes (Fig. 5) . The singlet signal of the methyl group on the nitrogen atom (d 2.6 ppm) was divided into two broad peaks (Dϭ1.6 Hz, not a doublet), and the triplet signal of 2-methylene protons (d 2.9 ppm) was changed to overlapping triple triplets (Dϭ1.0 Hz). Time-dependent increase of the intensities of the new peaks was observed as the original peak intensities decreased. Furthermore, new singlet signals appeared adjacent (6 Hz higher field) to the gem-proton signals at d 4.04 (br s: Ha) and 4.43 ppm (d, 2 Jϭ1.0 Hz: Hb), and all of the signals at around 4 to 4.4 ppm were almost entirely lost after 7 h (Fig. 5d) . The change of the gem-proton signal to singlet signals indicated that the geminal spin-spin coupling was cancelled by the independent deuterium exchange at exo-geminal protons. Thus, time-dependent deuterium exchange at exo-methylene protons affected the chemical shifts of the N-methyl and 2-methylene groups owing to the isotope effects. After this experiment, the NMR sample (7 h) exhibited a molecular ion peak at m/z 188, representing an increase of 2 mass units from 4 (C 12 H 14 N 2 : mw 186), in the EI mass spectrum. Thus, hydrogen-deuterium exchange of the enamine part of 4 proceeded smoothly at moderate temperature, compared with that of 3, under neutral conditions. A similar result was obtained upon treatment of 4 in 50% (v/v) D 2 O/pyridine-d 5 at 37°C, while addition of a trace amount of DCl to a 50% (v/v) D 2 O/DMSO-d 6 solution of 4 markedly accelerated both deuterium exchange and decomposition. Therefore, the deuterium exchange of 4 might be initiated by addition of D 3 O ϩ to the HOMO of the enamine. Based on all of these results, we consider that the deuterium exchange of 3 should occur via the enamine form (3exo) generated by means of tautomerism.
Trapping of Enamine Tautomer The frontier orbital (FMO) distributions of 3, its enamine form 3exo, and 4 are Chart 3 illustrated in Fig. 6 . The FMO of 4 is closely similar to that of 3exo, which is consistent with higher nucleophilic reactivity, compared with 3. Then, we examined the reaction of 4 with electrophilic phenyl isocyanate (Chart 4).
The reaction in acetonitrile at room temperature reached completion within 1 h to afford a major product 5 (61%) with an m/z value of 305 in the EI mass spectrum. The 13 C-NMR spectrum showed only two methylene carbon signals (2, 3 positions of DHP) and a characteristic quaternary carbon signal at d 78.8 ppm assigned to C4a by HMBC spectral analysis, and a carbonyl carbon signal at d 171.9 ppm, all of which were consistent with the pyrrolopyrazine structure (Chart 4). Further treatment of 5 with phenyl isocyanate gave urea 6 quantitatively.
Treatment of 3 with phenyl isocyanate under the same conditions for 3 d resulted in complete recovery of 3. When the reaction mixture was heated at 70°C, compound 3 reacted with phenyl isocyanate to afford 7 and 8 in 28% and 20% yield, respectively (Chart 5). The structures of 7 and 8 were determined by NMR analysis including HSQC and HMBC spectra.
The proton signal on the nitrogen (N 1 ) atom of 7 was observed at lower field (d 9.11 ppm), compared to that on the other nitrogen atom (N 9 , d 6.80 ppm), suggested that hydrogen bonding between N 1 -H and the 8-carbonyl group contributes to orientation and stabilization of the conjugated anilide part. This effect resulted in the difference in the reaction products. In the reaction of 4, there is no stabilization, such as hydrogen bonding, instead, the existence of the Nmethyl group is sterically disadvantageous for the formation of Z-olefinic structure, and the E-olefinic intermediate cyclizes to afford 5. Another difference between the reactions of 3 and 4 is in the reaction position of a second molecule of phenyl isocyanate. In the reaction of 5, a second phenyl isocyanate reacts with the secondary amino group (N 4 position of 13), although the enamine function still remains in 5, possibly due to the steric hindrance of the N-methyl group. On the other hand, the 1 : 1 adduct (7 or an unisolated pyrrolopyrazine-type intermediate) acted as an enamine to afford 8 with a quaternary carbon signal at d 77.9 ppm in the 13 C-NMR spectrum. The 1 H-NMR spectrum of 8 showed two broad singlet signals due to N 1 -H (d 8.32 ppm) and N 9 -H (d 10.09 ppm), suggesting hydrogen bonding between N 1 -H and the 8-carbonyl group, and between N 9 -H and the 6-carbonyl group.
Although 3 has potential enamine functionality, it did not react with phenyl isocyanate at room temperature, because methyl-imine character has priority at low temperature. But, upon heating, the tautomerization is activated to generate the latent enamine function. Since the reaction was examined in an aprotic solvent (acetonitrile), a rather higher temperature should be needed, compared with that in the deuterium exchange experiments.
IP of Tautomers A good correlation between the oxidation potential value and the HOMO energy level of the electron donor was reported in photoinduced electron transfer study. 24) Therefore, it was suggested that the rise of HOMO energy level, correspond to Koopman's IP, more than 0.68 eV as shown in Fig. 6 by the tautomerism between 3 and 3exo markedly enhanced the electron transfer ability of 3 and promoted radical species generation. Actually, the order of the HOMO energy level is 1 (Ϫ6.405 eV)Ͼ3 in DFT B3LYP/6-311ϩG** level, whereas, the order of the DNA strand of pBR322 breaking activity was 3Ͼ1 same as the order of the HOMO energy level of the enamine form of 3exoϾ1exo (Ϫ5.889 eV). 926 Vol. 58, No. 7 Conclusion DFT MO calculations indicated preferential imine structure of compounds 1 and 3. For tautomerization via a simple intramolecular hydrogen shift mechanism, an activation energy of about 270 kJ/mol would be required. However, involvement of a water molecule in an intermolecular hydrogen transfer mechanism resulted in a decrease of the calculated activation energy to 160 kJ/mol. To test the theoretical prediction, deuterium exchange reaction of 3 was performed, and temperature-dependent and stepwise deuterium exchange at the 5-methyl group was observed by NMR spectroscopy. The fact that deuterium exchange occurred under mild and neutral conditions indicates involvement of the enamine form 3exo. In addition, we obtained the acyclic and cyclic adducts from the reaction of 3 with phenyl isocyanate. The latent secondary enamine character that developed upon heating enhanced the reactivity. These observations are all consistent with tautomerism of 5-methyl-2,3-DHPs. In the physiological environment, polar substances or catalysts might accelerate the enamine formation of 5-alkyl-2,3-DHPs even at physiological temperature. Therefore, the properties of 5-alkyl-2,3-DHPs as enamines might be significant not only in relation to DNA damage, but also in the reactions with peptides, metabolites, and sugars. The significance of the chemical properties of 5-alkyl-2,3-DHPs discussed here in relation to their biological activities 25) is under investigation.
